The air pressure in the unsaturated subsurface changes dynamically as the barometric pressure varies with time. Depending on the material properties and boundary conditions, the intensity of the correlation between the atmospheric and subsurface pressures may be evidenced in two persistent patterns: (1) The amplitude attenuation; and (2) the phase lag for the principal modes, such as the diurnal, semidiurnal, and 8-h tides. The amplitude attenuation and the phase lag generally depend on properties that can be classified into two categories:
INTRODUCTION
Air permeability and its spatial distribution in unsaturated zones are important in characterizing advective soil gas flow and chemical transport. Because soil gas composition and gas movement can be greatly controlled by the air permeability when advection is the dominant transport mode, it has drawn wide attention since the 1960s [e.g., Stallman (1967) and Stallman and Weeks (1969) ]. Recent studies of soil gas and chemical migration in unsaturated zones have been made to investigate environmental contamination. For example, vapor extraction and steam injection have been studied as techniques to remediate the volatile organic compounds and nonaqueous phase liquids in contaminated soils [e.g., Baehr et al. (1989) , Massmann (1989) , and Falta et al. (1992a,b) ]. The success of the design and implementation of these techniques has been shown to rely heavily on the degree of understanding of the spatial distribution of air permeability [e.g., Ge and Liao (1996) ].
Field-scale air permeability of unsaturated zones is usually measured by borehole air injection or extraction tests, and borehole pressure monitoring. The first technique is similar to the aquifer tests and determines the air permeability from the response of air pressure drawdown or buildup in the borehole or its surroundings to the applied forces in the borehole [e.g., , , Baehr and Hult (1991) , and Shan et al. (1992) ]. The pressure monitoring technique uses the responses of air pressure variations at different depths to the natural force of ''barometric pumping'' to determine the air permeability. The method is described in great detail by Weeks (1978) . This technique can be traced back to the pioneering work by Buckingham (1904) , Stallman (1967) , and Stallman and Weeks (1969) and is further pursued in this paper.
The air pressure in the unsaturated subsurface changes dynamically as the surface barometric pressure varies with time. This information has been used previously to determine the 1 Asst. Prof., Div. of Engrg., Colorado School of Mines, Golden, CO 80401.
Note. Discussion open until June 1, 1999. To extend the closing date one month, a written request must be filed with the ASCE Manager of Journals. The manuscript for this paper was submitted for review and possible publication on September 5, 1997. This paper is part of the Journal of Geotechnical and Geoenvironmental Engineering, Vol. 125, No. 1, January, 1999. ᭧ASCE, ISSN 1090-0241/99/0001-0069 -0071/ $8.00 ϩ $.50 per page. Paper No. 16595. vertical air permeability by using numerical and analytical methods for the initial-and boundary-value problems. For example, Snoeberger et al. (1971 Snoeberger et al. ( , 1973 conducted atmospheric pressure measurements in a nuclear chimney at the Nevada test site and used a semiinfinite model to determine the vertical air permeability of the chimney. Based on a one-dimensional finite-difference method and a least-square optimization technique, Weeks (1978) developed a technique to determine field-scale vertical air permeability of layered media in the unsaturated zone. Recognizing the phenomenon of the barometrically induced pressure imbalance between the water surface in a well and its surrounding water table, Weeks (1979) used the analytical solution given by Carslaw and Jaeger (1959) to predict the water-level fluctuation and the air diffusivity of the overlaying unsaturated zone. Hsieh et al. (1987) developed a theory using the water-level fluctuation in the wells caused by Earth tide dilation of the aquifer to determine the aquifer transmissivity. Rojstaczer (1988) explored the situation where the aquifers are partially confined and showed that water-level fluctuations resulting from barometric fluctuations can be used to determine fluid flow properties of both aquifers and unsaturated zones [also in work by Rojstaczer and Tunks (1995) ]. Recently, Shan (1995) developed and applied analytical solutions to determine vertical permeability in layered and unsaturated soils.
Previous field investigations [e.g., Weeks (1979) , Hsieh et al. (1987) , and Rojstaczer (1988)] show that the correlation between the atmospheric and subsurface pressures is distinguished by two persistent patterns: (1) The amplitude attenuation; and (2) the phase lag for the principal modes, depending on the material properties and boundary conditions. For instance, in studying the potential driving mechanisms for observed air flow at a vertical borehole located at the crest of a mountain in Nevada, Weeks (1991) found that air flow to or from the borehole at any time is induced by barometric pressure changes occurring during the previous few hours. This finding may indicate that several hours of time lag occur between the barometric pressure change and air pressure response at depths up to 100 m of unsaturated rocks.
The amplitude attenuation and the phase lag generally depend on the barometric pressure parameters, such as the apparent pressure amplitudes and frequencies, and on the material properties of porous media including the air viscosity, air-filled porosity, and permeability. Based on the fact that changes in the amplitudes and the phase lags may be dominated by the atmospheric tides, a Fourier time-series analysis of pressure variations can be performed to determine the air permeability by using the calculated amplitude attenuations (or the phase lags) and the appropriate analytical relations among the parameters of the atmosphere and the porous medium. The subsurface barometric fluctuation can be predicted by the application of the superposition principle on the appropriate sample analytical solution and the Fourier time-series analysis, as described in the following text.
THEORETICAL FRAMEWORK
The equation governing transient air pressure distribution in one-dimensional unsaturated porous media can be written as [Katz et al. (1959, p. 408 ) and is defined as
where k = vertical intrinsic air permeability (m 2 ); = air-filled porosity; and = dynamic viscosity of air equal to 1.8 ϫ 10
Ϫ5
Pa s at 20ЊC. Because the air diffusivity depends on the air pressure, (1) is nonlinear. However, barometric pressure varies within 2% of its mean value, and use of the mean pressure value P a in the diffusivity terms results in very small errors.
The boundary conditions for this problem are specified such that the porous medium is bounded by the water table at the base and the atmosphere at the top. Hence, the initial and boundary conditions are
Ѩz where L = thickness of the unsaturated zone; and f 0 (z) and f 1 (t) = arbitrary functions of space and time that could be obtained from the field measurements, respectively. The general solution for the initial-and boundary-value problems defined by (1) and (3) can be found in Carslaw and Jaeger (1959, Eq. (2) , p. 104) as Shan (1995) applied the preceding solution to determine the vertical air permeability by employing the root-mean-square optimization scheme and demonstrated that the solution can be used to interpret field pneumatic data and to determine the vertical air permeability.
In this paper, a different approach is presented, based on the theory of time series and a general analytical solution in terms of the spectrum of barometric amplitudes and frequencies. Although the barometric fluctuation appears to be irregular, periodic patterns exist that are controlled by the diurnal, semidiurnal, and seasonal atmospheric tides [e.g., Weeks (1979 Weeks ( , 1991 , Rousseau et al. (1994) , and Stephens (1995) ]. The amplitudes corresponding to these barometric tides are detectable in the subsurface environments. Analysis of the observed air pressure data in the subsurface ( Fig. 1 ) reveals several patterns: (1) The amplitude of the pressure fluctuation usually decreases as the depth increases; (2) progressive phase lags exist for the major tidal modes; (3) high frequency modes tend to diminish much faster than low frequency modes as the depth increases; and (4) the degrees of changes for the aforementioned three patterns are greatly controlled by the diffusivity of the porous medium.
The relationship for the dependency of the permeability (or pneumatic diffusivity) on the amplitude, phase lag, and frequency [i.e., Carslaw and Jaeger (1959, p. 105) ] has been studied previously for determining pneumatic diffusivity [e.g., Weeks (1979) and Rojstaczer (1988) ]. However, no work has been explored in using the analytical solution that formed the basis for the aforementioned relationship to predict barometric pressure fluctuations in vadose zones. Therefore, the task posed here is to find a general analytical solution for subsurface barometric fluctuations in terms of the spectrum of barometric amplitudes and frequencies, for any initial and boundary barometric fluctuation defined by (1) and (3). Consider the problem where the initial pressure is at static equilibrium and where the barometric fluctuation can be described by a simple harmonic function f 1 (t) = A a sin(t ϩ ε), where A a is the amplitude constant (Pa), is the frequency (s Ϫ1 ), and ε is the initial phase (rad). The solution for (1) and (3) can be obtained by imposing the foregoing conditions to (4). However, from this solution one cannot delineate the dependency of the air diffusivity on the amplitude, phase lag, and frequency. The more appropriate solution for the same initial and simple harmonic boundary conditions can be found in Carslaw and Jaeger [1959, Eq. (1), p. 105] in the following form:
where A = amplitude; and = phase lag at the location z; and they are defined as
where i denotes the pure imaginary number; and arg( ) = argument of the complex function in the bracket. Eqs. (5) and (6) have two useful features: (1) The decoupling of the periodic steady-state solution from the transient solution; and (2) the explicit relation depicting the interdependency among the quantities A, , , and ␣. Physically, the first term in (5) represents the response of pressure in the porous medium to the harmonic excitation presented at the atmosphere, and the nature of the amplitude decay and the phase lag are shown clearly in (6). The second term in (5) reflects the so-called ''transient response'' that is caused by the initial phase jump ε at time equal to zero. This term usually diminishes quickly as time elapses, because it is an inverse exponential function of time. From (6), it is clear that the initial phase has no effect on the variation of the amplitude attenuation and the phase lag.
Eq. (6) was cited in Weeks (1979) , who used the amplitude ratio to determine pneumatic diffusivity of an unsaturated zone. A wide range of pneumatic diffusivity values was obtained at this site and was attributed to the cause that most cyclic barometric records were only poorly approximated by a sine curve (Weeks 1979) .
It is obvious that the actual atmospheric pressure variation cannot be well represented by a simple harmonic function. Thus, can we apply the solution of the simple harmonic function [ (5) and (6)] to an ''arbitrary-look'' atmospheric boundary condition? The answer lies in the assumption of the linearization of the governing equation [(2)] and in an application of the principle of superposition as follows. In general, any arbitrary atmospheric pressure variation f 1 (t) can be represented by the Fourier series (Mathews and Walker 1964) 
where the frequency is equal to 2/T; n = wave number that covers the entire spectrum in the frequency domain; and T = total observation time (s). By applying the principle of superposition, the solution of (3) can be obtained under the zero initial condition [ f 0 (z) = 0] and the arbitrary-boundary condition [ (7)] as:
where the amplitude C n and the phase lag n are obtained as
Using the properties of complex functions, it can be shown that the phase lag n can be rewritten as
where 0 Յ atan( ) Յ 2. By defining a dimensionless parameter ␤ as
C n /A n and n can be treated as functions of two variables ␤ and z/L, i.e.
The dimensionless parameter ␤ couples the atmospheric pressure parameters (frequency and mean pressure) and the parameters of the unsaturated zone (porosity, viscosity, permeability, and the thickness of the unsaturated zone). The value of ␤ usually ranges between 10 Ϫ4 and 250. For example, if we have a 10-m unsaturated zone of gravel with porosity = 0.25, viscosity = 1.8 ϫ 10
Ϫ5 Pa s, period T = 12 h, wave number n = 1, permeability k = 10 Ϫ6 m 2 , and mean pressure P a = 92,500 Pa, the ␤ value for the system by (12) (14) can be used to create type curves for determining air permeability. Rojstaczer and Tunks (1995) created type curves portraying the amplitude ratio/phase lag as a function of the dimensionless frequency R (in their notation) with the depth (z/L) as a parameter. This kind of type curves can be used to match an estimated amplitude ratio/phase lag value to a specific curve of a known depth to determine pneumatic diffusivity. Rojstaczer and Tunks made a useful observation on their approach that, for a large amplitude ratio (high pneumatic diffusivity), the phase lag is relatively more sensitive to variation in R than the amplitude ratio. However, the type curves thus developed show that both the amplitude ratio and phase lag become less sensitive to the dimensionless frequency R when R < 0.4 [ Fig.  1 of Rojstaczer and Tunks (1995) ]. A small value of the dimensionless frequency R corresponds to a thin soil layer with a high pneumatic diffusivity.
Alternatively, the type curves can be developed considering the amplitude ratio/phase lag as a function of the depth (z/L) with the diffusivity-dependent ␤ as a parameter. Fig. 2 shows the type curves generated from (14). The type curves can now readily be used to determine the vertical air permeability. For instance, if the location of the observation station (z/L) and the attenuation C n /A n for a given wave number n are known, the corresponding ␤ value can be determined from the typecurve matching (Fig. 2) . Using the detected ␤ value and (12), the permeability value can be determined given the remaining parameters in (12).
It can be concluded from Fig. 2 that for the same system, the pressure variation with a higher frequency (i.e., higher ␤ value) diminishes much faster as the depth increases (i.e., small z/L value). Fig. 3 shows the type curves generated from (13). Similarly, from the phase lags, the permeability value can be predicted for a given system. However, the type-curve match for the phase lag may be a less desirable method than the amplitude attenuation because of the periodic behavior of (13). In addition, comparing Fig. 2 with Fig. 3(a) shows that the attenuation C n /A n is more sensitive to ␤ values in the area of the feasible values of ␤ (<4). Near the water table where z/L is small -n is nonlinear with the depth and is greatly controlled by the exponential terms in the hyperbolic functions [Figs. 3(a and b)] -phase lag tends to vary linearly as the depth decreases (toward the land surface). For 0 Յ ␤ Յ 4, the phase lag n reaches its maximum at the water table and decreases monotonically as the depth decreases [ Fig. 3(a) ]. As can be determined from (13), the periodic behavior occurs when ␤ exceeds 4 [ Fig. 3(b) ]. Under most unsaturated-zone conditions, ␤ would not be >4 unless the unsaturated zone is thick, that is, >100 m, and the air permeability is very small, that is, <10 Ϫ15 m 2 . However, air permeability is usually not known a priori. Based on the foregoing considerations, the amplitude attenuation is used in this paper rather than the phase lag to determine air permeability.
The analytical prediction of pressure fluctuations in any location in the subsurface can be achieved by using (8) -(10).
COMPUTATIONAL PROCEDURES
A comparison between a pair of the harmonic curves with the same frequency will provide the information on the attenuation and the phase lag. From the depth location of the observed station, the air permeability or pneumatic diffusivity can be uniquely determined from (13) or (14). Practically, comparison may be made between several pairs of the harmonic curves for the major tides to gain additional confidence in the results. Barometric pressure variation usually is dominated by several frequencies, and several modes of finite frequencies are needed to represent the pressure variations both for the atmosphere and subsurface. For example, if a 6-day period of data is analyzed as depicted in Fig. 1 , the Fourierseries representation for frequency ranging from 0 to 20 needs to be determined. Consequently, the observed data need to be converted to finite terms of the Fourier-series representation for the frequency number n = 0, 1, 2, 3, . . . , 20 [ (7)]. Physically, n equal to 0 represents the static equilibrium or long-time pressure or instrument drift, n equal to 1 represents the harmonic wave with a period equal to 6 days, and n equal to 18 represents the harmonic wave with a period equal to 8 h.
The proposed method for determining the air diffusivity and predicting subsurface air pressure consists of the following steps:
• Select a set of observed data with well defined periodic patterns. The duration could range from one to several days, or even several months. The atmospheric time-dependent pressure profile and at least one profile for the subsurface are needed.
• Convert the observed atmospheric pressure fluctuation into a Fourier-series representation using (7). This process is straightforward and involves numerical integration to obtain the coefficients of a n and b n . It is reliable and computationally efficient when compared to obtaining solutions of initial-and boundary-value problems.
• Convert the subsurface data into a Fourier time-series representation using (7) with replacements of the coefficient A n by C n and ε n by ε n ϩ n .
• Compare several pairs of major harmonic waves to detect the attenuation A n /C n and the phase lag n = ε n ϩ n Ϫ ε n , using the coefficients A n , C n , ε n , and ε n ϩ n obtained in the previous two steps.
• Use (14), or type curves (Fig. 2) to obtain the value of the ␤ parameter, and use (12) to calculate the air permeability value.
• If desired, compute and compare the analytical prediction
by (8) - (10) with the observed data. 
FIELD ANALYSIS
A field case (Stephens 1995; Shan 1995 ) is used to illustrate the proposed method. The site is located at Tucson, Ariz. The unsaturated zone consists of 27.6-m-thick silty sand and caliche soils and is bounded by the water table at the base (where z = 0, Fig. 1 ). Both the atmospheric (z = 27.6 m) and subsurface (z = 3.0 m) pressure variation were monitored in a borehole over a period of 6 days from October 29 to November 4, 1993, as shown in Fig. 1 . The pressure variations both for the atmosphere and subsurface show the modes of the normal twice-daily oscillation controlled by the atmospheric tides. 
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Average permeability (8) During any 1-day period, pressure highs occur at about 10:00 a.m. and 10:00 p.m. and pressure lows at about 4:00 a.m. and 4:00 p.m. (Fig. 1) . The figure shows that the amplitude attenuation and the phase lag persist in the subsurface during the 6-day period (Fig. 1) . A uniform air-filled porosity of 0.25 and an air viscosity of 1.8 ϫ 10 Ϫ5 Pa s that were used by Shan (1995) are retained in the permeability calculation.
The results of the Fourier time-series representations of both the atmospheric and subsurface pressure data using (7) are depicted in Fig. 4 . Four major amplitudes are noted for periods of 3 days (frequency number n = 2), 1 day (n = 6), 12 h (n = 12), and 8 h (or called S 3 ) (n = 18). Fourier-series analysis for different total times of 1, 2, 3, 4, and 5 days shows the same pattern of amplitude dominance at three distinct periods: diurnal, semidiurnal, and 8 h, except that the longest period always depends on the total analyzed time. Amplitudes for frequencies not equal to the three distinct ones follow the decay pattern for the random pressure fluctuation as illustrated by the short-dashed line in Fig. 4 .
How well do these amplitudes represent the observed air pressure fluctuations both for the atmosphere and subsurface? Shan (1995) data and the combined distinct modes is probably caused by the random barometric fluctuations at any time scales that follow the dashed line shown in Fig. 4 . One attenuation value at the subsurface is mathematically sufficient to determine air permeability. Permeability values determined for other distinct modes may be compared to provide confidence in the results and to test the validity of the conceptual model, as shown in Table 1 and Fig. 7 . The air permeability ranges from 1.19 to 4.52 darcies for different distinct periods (8, 12 , and 24 h) and different analyzed times (1, 2, 3, 4, 5, and 6 days) . Permeability values using the diurnal and semidiurnal are stable and therefore more reliable than those for the 8 h (Fig. 7) . Permeability values using the 8-h mode converge to those of the diurnal and semidiurnal modes as the total analyzed time increases. The air permeability ranges from 1.19 to 4.52 darcies for all different periods (8, 12, and 24 h) and analyzed times (1, 2, 3, 4, 5, and 6 days). A permeability value of 1.47 darcies is obtained using the 6-day analyzed time, which agrees well with the value of 1.46 darcies determined by Shan (1995) using an analytical solution.
Finally, a comparison for the prediction of the subsurface air pressure fluctuation is made as illustrated in Fig. 8 . Using (8) -(10) and an air permeability value of 1.46 darcies, a good prediction is achieved. A small difference is obtained among the observed data, the air pressure predicted by the current approach, and those by Shan (1995) .
CONCLUDING REMARKS
An alternative approach is presented to determine the air permeability and predict air pressure fluctuation in unsaturated zones. The traditional methods rely on numerical or analytical solutions of the initial and boundary value problems and some optimization search techniques and usually are quite computationally involved. In contrast, the current framework requires only the Fourier-series representation of the measured data and some straightforward analytical relationships (or type-curve match) to infer air permeability. The current approach also has the capability to predict the barometric pressure fluctuation in unsaturated zones, once the air permeability is identified. Most of the previous approaches of the time-series analysis commonly filter out modes other than the diurnal and semidiurnal to determine the air permeability. Therefore, those approaches cannot directly predict the barometric fluctuation in unsaturated zones.
Theoretically, both the amplitude attenuation and the phase lag can be utilized for estimating air permeability. However, the periodic nature of the phase lag and its insensitivity to high pneumatic diffusivity values make it less attractive than the amplitude attenuation method. The conducted field-data analysis demonstrates that the approach is simple and reliable. Consistently good matches are achieved for the permeability estimation and the subsurface air pressure prediction. Ideally, using different modes should lead to a unique permeability value. Practically, there are always some discrepancies. A small range in the estimated permeability may indicate that the conceptual model can represent the real unsaturated system well. On the other hand, a large discrepancy implies that the conceptual model is questionable. It should be pointed out that the current conceptualization assumes that barometric pressures propagate vertically, and the unsaturated zone is homogeneous. Therefore, the determined permeability may represent an average vertical value if a layered or highly variable saturation is encountered.
The diurnal and semidiurnal tides provide strong signals and consistent estimates for the air permeability, while the 8-h tide is subject to larger uncertainty for the air permeability estimation. Although the diurnal and semidiurnal tides have been widely used by others, the 8-h tide has not been reported previously. Interestingly, the physical basis for the 8-h tide is mentioned less in the literature but can be found in Chapman and Lindzen (1970) . Nevertheless, the analyzed data show the persistent appearance of the 8-h tide during the entire 6 days.
Shallow stations yield smaller amplitude attenuation and phase lag and will result in larger uncertainty. Deep stations near the water table are preferable while the amplitude attenuation reaches its maximum. For thick unsaturated zones or low permeability formations, determining permeability may rely on the long-term and large amplitude tides such as seasonal or annual variation. This is because as the pressure propagates into deep (or low permeability) formations, high frequency (short period) tides can diminish significantly, while low frequency tides attenuate slowly. Although the current work illustrates the case where unsaturated zones can be conceptualized by a one-layer system bounded by the water table below, it is also applicable to the layer above the water table in any multilayer system.
